A primary system has been developed in which it is possible to study the production of electrically excitable neuron-like cells from a precursor population of olfactory epithelial cells. Rat nasal epithelium was dissociated and placed in culture. The initial surviving cells are flat and ciliated and contain glial fibrillary acidic protein (GFAP). After 3-5 days electrically excitable cells appear that contain neuronspecific enolase but not GFAP. These round cells originate by means of the differentiation of the GFAP-positive flat cell to a round cell, followed by the division of the round cell. Therefore, neuron-like cells can be derived from cells that synthesize GFAP. Immunohistochemistry. Rabbit anti-glial fibrillary acidic protein (GFAP) was obtained from A. Bignami, mouse monoclonal anti-rat T200 protein was obtained from R. Hyman, and monoclonal anti-S100 and anti-neuron-specific enolase was from B. Boss. For staining with anti-T200, cultures were incubated with the primary antibody for 30 min at room temperature. The cultures were then washed and exposed for an additional 30 min to a rhodamine-labeled goat antibody against mouse immunoglobulin (Tago, Burlingame, CA). Finally, the cultures were washed, air dried, and fixed with 95% ethanol for 10 min at -20°C. For labeling with anti-GFAP, cultures were first fixed with 95% ethanol for 10 min at -20°C, dried, and then incubated for 30 min with the primary antiserum. After washing, the cultures were exposed to a fluorescein-labeled goat antibody against rabbit immunoglobulin for an additional 30 min, followed by more washing and a final air drying. For double-labeling the cells were first stained with anti-T200, fixed, and then stained with anti-GFAP. Staining with anti-S100 and anti-nerve-specific enolase was done according to published procedures (8). 
dine. The results in mice showed that most of the isotopic labeling of nuclei occurred in the basal cell compartment (1) . The substrata, and culture media was tested; none was effective in producing the cell populations described below. Macrophage cultures were prepared by the method of Wahl et al. (5) . B65 is a rat neuroblastoma, B15 is a rat glioma, and C1 is a mouse lymphoid cell line (6, 7) .
Immunohistochemistry. Rabbit anti-glial fibrillary acidic protein (GFAP) was obtained from A. Bignami, mouse monoclonal anti-rat T200 protein was obtained from R. Hyman, and monoclonal anti-S100 and anti-neuron-specific enolase was from B. Boss. For staining with anti-T200, cultures were incubated with the primary antibody for 30 min at room temperature. The cultures were then washed and exposed for an additional 30 min to a rhodamine-labeled goat antibody against mouse immunoglobulin (Tago, Burlingame, CA). Finally, the cultures were washed, air dried, and fixed with 95% ethanol for 10 min at -20°C. For labeling with anti-GFAP, cultures were first fixed with 95% ethanol for 10 min at -20°C, dried, and then incubated for 30 min with the primary antiserum. After washing, the cultures were exposed to a fluorescein-labeled goat antibody against rabbit immunoglobulin for an additional 30 min, followed by more washing and a final air drying. For double-labeling the cells were first stained with anti-T200, fixed, and then stained with anti-GFAP. Staining with anti-S100 and anti-nerve-specific enolase was done according to published procedures (8 (Fig. 1A) . The cells' cytoskeleton was initiated within 10 min ( Fig. 2A ) and was complete within 2 hr (Fig. 2B) . A similar cAMP-induced cytoplasmic "shrinkage" has been reported in cultured glial cells (11, 12) .
Also at 5 days a population of loosely attached phase-bright round cells appeared in the cultures. These increased in number for several days (Fig. 1C) . By gentle trituration it was possible to remove the majority of the round cells from the attached flat cells, thus isolating a morphologically homogeneous population of round cells (Fig. ID) . Several weeks after they were produced, some of the round cells attached to the substratum and grew short neurite-like processes (Fig. iD Inset) . Electrophysiology and Neurotrans itter Synthesis. Two properties of olfactory neurons are electrical excitability and the ability to synthesize the f-alanyl-L-histidine dipeptide carnosine, which is thought to be the primary neurotransmitter in this cell type (13) . When the round cells were examined by electrophysiological techniques, they were found to be able to generate action potentials following the passage of a depolarizing current pulse (Fig. 3) . It has been impossible to obtain stable, reproducible recordings from the flat cell population. To assay the rate of carnosine synthesis relative to total protein synthesis in the small amounts of available cells, cultures were labeled with both [14C]histidine and [3H]leucine, and the amount of each incorporated into carnosine and total protein, respectively, was determined. Table 1 shows that the round cell population synthesizes significantly more carnosine than the flat cells. The rat neuroblastoma, glioma, and mouse lymphoid cells synthesized relatively little of the dipeptide.
Immunological Properties of Cells. The ability of the round cell population to produce action potentials suggests that they are neuronal. However, since lymphoid cells such as macrophages are also able to generate action potentials (14) , cells were stained by fluorescent antibody techniques for a variety of nervous system-specific antigens. These included GFAP, which is specific for astrocyte intermediate filaments (15) , S100, which is found in some glia (16) , and neuron-specific enolase, which is uniquely associated with neurons in primary cultures (8) . The initially attached cells, as well as the homogeneous population of flat cells that grew out from them, stained with antiserum against GFAP (Fig. 4) but not with anti-S100 or anti-neuron-specific enolase. The round cell population stained with neither anti-GFAP nor anti-S100 (Fig. 5D) . The round cells did, however, stain with antineuron-specific enolase (Fig. SB) . The round cells did not stain with IgG coupled to the fluorochrome, indicating that they did not possess Fc receptors, which are characteristic of macrophages. To further rule out the possibility that the round cells were macrophage-like, both nasal epithelium cultures and bona fide peritoneal macrophage cultures were stained with a monoclonal antibody against rat T200, an antigen that is found on all lymphoid-derived cells (17) . Although the rat macrophages stained intensely with this antiserum, the round cells in the nasal epithelium cultures did not stain. In contrast, the flat cells in the epithelium cultures did stain with anti-T200. This label occurred in the same cells that contained GFAP (Fig. 4) . Peritoneal macrophages did not stain with anti-GFAP. These immunological data show that the round cell population does not have the surface characteristics of macrophages, whereas the flat cells contained both the glia marker, GFAP, and the T200 antigen.
Origin of the Round Cells. tion of flat cells, which, in turn, give rise to loosely attached, phase-bright round cells (Fig. 1 ). The population of flat cells is relatively homogeneous, as defined by their sensitivity to Bt2cAMP (Fig. 2 ) and the presence of GFAP and T200 antigens (Fig. 4) , whereas the round'cell population is electrically excitable (Fig. 3) and contains a protein only found in nerve cells, neuron-specific enolase (Fig. 5) . Through a series of experiments involving radioautography, time-lapse photography, and single-cell cultures, it has been found that the round cells are derived from the flat cells by means of the differentiation of a flat cell into a round one and its subsequent division (Table 2 ). These results suggest that round, electrically excitable neuron-like cells can be derived from a GFAP-positive precursor population.
The origin of neuroblasts within the neuroepithelium of the developing central nervous system has been debated throughout the last century. Neurons and glia may share a common dividing percursor (Fig. 6 , cell A; cells B and C need not divide) or they may originate directly from distinct dividing cell populations (Fig. 6, cells B and C) . His (18) suggested that the proliferative zone contains two distinct cell types, one that gives rise to neurons and the other that gives rise to glia (Fig. 6, cells B and C) . In contrast, Schaper proposed that the neuroepithelium is initially a uniform population of cells that is able to generate both nerve and glial cells (refs. 19 and 20; Fig. 6, cell A) . Electron microscopic studies of the neuroepithelium of fetal monkeys have shown that mitotic cells containing the glial intermediate filament protein GFAP are intermingled with mitotic GFAP-negative cells (21) . On the basis ofthese results it was argued that there are separate stem cells for neurons (the GFAP-negative cells) and for glia. In contrast, by using S100 protein and nervespecific enolase as specific markers for glia and nerve, respectively, it has been shown by immunohistochemical techniques that both marker proteins appeared in the same cells of the mouse neuroepithelium during early stages of development (Fig. 6 , cell A) but were uniquely localized to nerve or glia in mature animals (22) . In addition, a clonal stem cell line, called RT4-AC, has been described that is capable of producing both nerve and glial phenotypes (23) . In this case, the parental cell line synthesizes the S100 protein and is also weakly electrically excitable (Fig. 6, cell A) . With time in culture, these cells spontaneously generate clones of morphologically distinct cells that are either S100 positive and electrically passive (Fig. 6 , cell C, glial-like) or S100 negative and electrically active (Fig. 6, cell B, nerve-like) . Another clonal precursor cell line, called F7, has been isolated from the mouse hypothalamus; by manipulation of the culture conditions it is possible to convert this cell line to FIG. 5. Staining of round cells with anti-nerve-specific enolase and anti-S100. Eight-day cultures were labeled with rhodamine anti-nerve-specific enolase or rhodamine anti-S100. cells that have exclusively glial or neuronal properties (24) . Phenotypically stable clonal cell lines have also been isolated from the rat central nervous system (6) , and many of these lines have the properties of both nerve and glia. For example, some clonal lines have both Na+ and K+ channels characteristic of neurons but also have surface antigens normally associated with glial cells (25, 26) . These cell lines probably represent a phenotype that is arrested in the normal developmental lineage by the transformation event. The clonal cell lines with intermediate phenotypes were used to generate antisera that recognize incompletely differentiated neural cell populations in primary cultures and in nerve-producing teratoma cells (27, 28) . Collectively, the data outlined above show that individual stem cells in the germinal layer can have traits associated with both neurons and glia and that they can give rise to both phenotypes. Our findings on cultured cells from the nasal epithelium are consistent with these observations.
The data derived from cultured olfactory neuroepithelium show that GFAP-positive cells are'capable of dividing and that at least a subset of this population can give rise to round neuron-like cells. The criteria used to identify the round cells as neuron-like were their ability to generate action potentials and the fact that they can be stained with a monoclonal antibody against neuron-specific enolase. Since macrophages are able to generate action potentials under some conditions (14) , it was critical to rule out the possibility that the round cells were simply macrophages. It is unlikely that the round cells are macrophages for the following reasons. (i) They do not stain with an antiserum (anti-T200) that recognizes rat macrophages and other lymphoid cell types. (ii) The round cells do not bind fluorescently labeled IgG to their In contrast to the round cells, the flat cell precursors are stained with both anti-T200 and anti..GFAP. To our knowledge, the presence of the T200 antigen in nonlymphoid cells has not been reported previously, but it is not uncommon for lymphoid cell-surface molecules to be associated with cells of the nervous system (see,. for example, ref. 29 ). Although GFAP is generally thought to be a specific marker for differentiated astrocytes (30) , it has been found in a dividing cell population in the ventricular zone of the mammalian cerebral cortex (21) and in the ependymal lining of postnatal rat spinal cord (31) . In addition, it has been observed in the epithelium of the mouse lens, a nonneuropal tissue (32) , and the supportive cells of the pineal gland (33) . The pineal supportive cells are analogous to the sustentacular cells of the olfactory epithelium in that they surround the (neuronal) photoreceptor cell. It follows that the presence of GFAP in a cell is no longer sufficient to identify it as a fully differentiated glial cell.
Although the differentiation of putative olfactory receptor cells in organ cultures of embryonic rat olfactory epithelium has been described (34) , there is a paucity of published work on the culture of mammalian olfactory tissue. This is probably due to the difficulties associated with dissociating the tissue and maintaining high cell viability. In our preparations cell viability is very poor, but the cell culture conditions used apparently select for cells that are able to divide in culture and that are able to give rise to a cell type that is electrically excitable, contains neuron-specific enolase, and is capable of synthesizing the olfactory neuron dipeptide carnosine. Although it is not possible at present to directly relate the phenotypes of the cultured cells to those in vivo, our data show that a cell that has the phenotype of a neuroblast can be derived from a dividing precursor population that contains the glial intermediate' filament protein GFAP.
